LY e e
- |,'-T-'H|' I

Wi Soukendai lecture no
Engll§r3 Lectures on Fusion Basics Oct.2010~ Mar:2

I\TTF’WRoom 701 (7th floor) from 13:30 to 15:

L.

ey
. A
1“'
|
iy,
b |
="
Yol
g
iy

. =




Index of lecture

1. Introduction of MHD Jan. 5
2. MHD equilibrium Jan. 5
3. Pressure driven MHD Instabilities Jan. 12
4. Current driven MHD instabilities Jan. 19

5. Hot topics of MHD equilibrium and instabllity
Jan. 27/28



What is MHD?

short forM agnetédydroDynamics

The study in which the behavior of a lot of chargeadticles
(plasmas) is treated as motion (dynamics) of am(@uid)
taking interaction between the group and magnéictiec field
Into account.

Hydrodynamics;

The fluid consists of a lot of particles. Each partislan the different
position in the real space and the velocity space.

When we study the properties, we do not care eatitlpas property and
we characterize it by usinglénsity, "temperaturg "pressurg

"velocity', "electric charge densltyand 'turrent as the averaged value
with some kind of "weigh". And we analyze the agath values when we
study the fluid properties.

"MHD equilibrium and stability” means the force aate and
the stability from view point of "MagnetoHydroDynars"




What is the study of MHD equilibrium and stability?

nonequilibrium
® unstable

ST N

® equilibrium
stable

MHD equilibrium study

Does plasma move or nehen plasma is softly put inthe bottle
made of the magnetic field? Is the bottle crushed?

What is the condition for plasma not to move?

MHD stability study

Does plasma in the bottle made of the magnetid fredve or not
when plasma is slightly pushed? Does the whole @f the part
of it moves? What is the condition for plasma &8t

Moving plasma leads to the source of the magnietid f
=> Situation is very complicated.
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MHD equil. study = Study of Bottle of mag. field (m&. configuration)

Trace ofmag.field line =>

Clos¢ Coil of LHD (purple)

& plasma (yellow)

A

Tangential View of LHD

88-04-21 TUE

10 times poloidally rotating during 1
o~ _toroidal rotating

leld line makes .
a "basket" | |
lines make ng
W "paskets" | & wall
=> magnetic surface =
Nested baskets made ahag. field
lines keep away plasma from wall | |
=> 1 1 1 1
Good magnetic surfaces improve 5

insulation between plasmas and wall



C

hange of mag. bottle by finite plasma pressure gohent; Fluid picture

Density and temperature grad In mag. bottle incwre=nt
Ji=g,evx2an  (i;ion)

n6n
DenSity or N Sj;/dr)j/ (centrifugal vs
Increases OO O di electromag. force)
(center) | 2
Electron j= (1/B)(2M )(dn/dr)

p; pressure
n; density
T,; temp. i

In increases of tempdy; exists instead odn;.
=> Current flows (cfil,=M,v;%/2).
For electron, similar current flows (qf=(n.T+nT))).

=> Total current;

Current direction; reduces the
original mag. field
=> Diamagnetic current

Diamag. current; orthogonal to both B and grad gxB=gradP

=> Diamag. current; source of changing mag. fiebarf vacuum



cf. Relationship between density, temp., press.vahutity of plasma (I)

In thermal equilibrium state (collisional and steatiyte);
Distribution func. is isotropic, and gauss functhe velocity

(Maxwell distribution func.)
The dispersion is defined @ym, the average velocity is ly

2
f O exy{ m(v TU) / 2); Boltzman constanOmitted

N Ej fdv; Totalnumberof paticlessdefinedby N
15 _ 2
=>f = N(—m j ex m(v u) /2
2m T

2
jm(v_ 0ty = 3NT
2 2

Energyof particlesin themovingcoordinatesystemwith u (thermalenergy)




cf. Relationship between density, temp., press.vaatity of plasma (1)

For simplicity, we consider the pressure underagmumptioru=0

The momentum which 1 particle gives a wall S,
2my, 7

The number of particles per unit of time which V,

reach the wall with area size,S —
v,Sn (n denote density) “Vy

Then, the momentum per unit of time (force) by
which the wall with area size, & pushed,
2mv,2S.n
The pressure, p, corresponds to the above force
divided by area size, (here isotropic pressure is
assumed)
p=2mn<v¥>/3=nT

=> Pressure is density times temp.




Diamag. current in the presence of non-unfornmag. field

‘ |:| p‘ Insulated plate
"B
Condition is ]
achieved in
simple torus Here non-uniform L s;;:::se
mag. field <+ mag. field|is assumed @ity diin
(eXte n al as region
current flows B=R,B//R. s |
along Z a.X| S) ﬁ:lc;;r:g center External current carrier
= m —— Divergence of | is as the below
R
B (]
RoBy div =19 [RerlPPL]o20P g
. oR R,B, RB
Current density
increases as more do , . _ do
torus outwardly rFr dv J=0 = i #0
Th rrent alona maa. field line The charge appears at torus top and bottom
e current along mag. field line (do7dt=0)

should be induced
=>
Pfirsh-Schluter (PS) current

Time evolution of charge (due to the
connection of top and bottom ) is neggssary
to satisfy the charge conservation




Evaluation of PS current (FromO[j=0 )

@1[] Dj”:D[(LB):BDD(JiJ: Ba—(lj" a]//,
B B B S B ds

. B?j-(jB)B _ BxOp
jo 57 = =5

DDJD:DE(B2XDp):DpDDX(BzB)
2 0B x b
op - Eomnn s 2oy D020

Vi

0p-~722 6B - B, (1-ccos 9) 2 =99 90 _ ¢ 9
r roéd ds 0s 06 2R, 046
0] OB x b
==> / a]// _ ap 1 sin 8 ==> j// o 2 7T ap os @
27TR0 06 or ROBO /Bo or

Current along mag. field line (PS current) increaséh press.
grad. and decreases with rotational transfarmnd magnetic
field strengthB,.

11




Plasma consists of a lot of charged particles (MddDil. picture based on each particle's motion)

Basis of behavior of charged particles; Drift

Charged particle follows gyro-orbit along the magnéeld line in uniform
mag. field w/o elec. field. In non-uniform mag.lfilend/or with elec. field, it
makes the additional motion in perpendicular to nfia¢gd (drift). This is the
basis to understand the charged particle behavior.

BSmaII lon Electron lon Electron
'Large

: ® E
| B —
i vB ®
: B
m_v2 =qvB=>r = my
Bx VB drift r B ExB drift
lon moves in the direction to lon moves in the direction t©xB
BxV B due to change of gyro- due to change of velocity during
radius during gyro-motion. gyro-maotion.

12

Direction of elec. drift is opposite. Direction of elec. drift is same.



Change of mag. bottle due to plasma }- based on particle motion --

Plasma cannot be confined by only toroidal magdfiglmoves even when plasma is softly put).

B Only toroidal field exists Reason

(B;#0, B;=0) (1) Charge separation occurs due to
BxV B drift.

(2) The charges induce Elec. field
=> Both ion and elec. move to torus
outwardly due to ExB drift.

BxVB KI)Zk ExBRU Tk

A countermeasure
Add the poloidal mag. field 0) to connect the
separated charges in torus-top and bottom due to

the mag. filed line.
U

Elec. field is reduced, which suppresses ExB drift. |

N

How to produceg
Tokamaks:; toroidal current is induced.

Heliotron/Helical; external coils are Elec. easily moves
helically wound. because it is light to cancel

separated charges.




Change of mag. bottle due to plasma |- mag. axis moves --

Vertical mag.
field due to PS

current (B) B, increase; mag. stress increases

0 decrease; mag. stress decreases

Torus outwardly
mag. axis shift
"Shafranov shift"

—
Top View of torus
Suppression of ExB drift due to production of B Small B,(1); toroidal component
(Suppression of charge separation) o g rentis small
U => Small Bz
Pfirsh-Schuter current(Equilibrium current) is induced
U

Mag. axis torus outwardly shifts due to vertical fibid
PS current> Change of mag. bottle

LargeB,=> Large pitch of mag. field line (rotational
transformi) => Small toroidal component of PS current 2 (1) toro

=> Small Shafranov shift E? A ﬁj(rr)ért]?rig fﬁg@omponen
Large plasma pressure (Large gy/d _ => Large B
=> Large PS current => Large Shafranov shift

—+




Summary of PS current(from viewpoints of different aspects)

From the viewpoint of fluid and particle, drivingechanism of PS
current is reviewed. From both viewpoints, it idispensable to
confine finite pressure plasma.

1. In toroidal mag. configuration (graB /=0), only diamag.
current does not satisfyiv | =0 condition and charges increase
both in the torus top and the bottom. The finitp@l mag.
field in addition to toroidal field is necessarydgatisfydiv | =0
and PS current appears.

2. In toroidal mag. configuration (grad /=0), charge
separation occurs due ®x VB drift. In order to suppresexB
drift due to the charge separation, the poloidaignteld

(B, #0) Is necessary to connect the torus-top and botibtne
mag. filed line. When the charges are cancellecyraent flows
In the opposite direction inside and outside otisgiwhich is PS
current's another aspect.

15



How is poloidal field produced
— Helical and Tokamak —

LHD

Poloidal coils

Helical coiI‘ Plasma

External coils (helical coils)
produces poloidal mag. field.

More suitable for steady state
operation than tokamak

Construction is difficult because
of complicated structure and
needs of high accurate alignment.

Japanese scientist poroposed this
concept.

I TER

—

Poloidal coils

hational

Therngonuclear
Expas mental
Reactor)

Toroidal current produces
poloidal mag. field.

For steady state operation,
innovative concept on
stationary toroidal current drive
IS necessary.

Construction is rather easy
because of simpler structure
than helical. 16

X Toroidal coil Plasma




W

hy can helical coils produce B (finite poloidal field) ?

0 (poloidal angle)

(a) Odirection (®

B;-cosC&M@), B;-B,J[1-dcos(. #M¢)] | DuringB,>0,B,<B,

L; poloidal pole number, M; toroidal period | =
In the above figure, L=2.

TTi Ty T T TIT T rerTvrryrrerTrrerasvyrTeey r'Tr'
e

: Trace of mag. field Ilne_&

-

(c) Tokamak,

@ (toroidal angle)

(b) D

pdirection
(c) ® 039 (d)
O, ®

® ®

DurlngB <0, B B

During By > 0, mag. field line
proceeds sIowa In troidal
direction. DuringB, < 0, mag.
field line proceeds fast.

This phase is shorter than
the previous phase.

=>

Mag. field line does not
reach the starting point of

i the previous phase.
| =>

Mag. field line proceegs in
the poloidal direction.



MHD equilibrium equation |

Starting from MHD equations

0 .
—+ v |v=|xB-0U1p,
P(at ) J P
9%\ i) =0,
ot
(i+v[ﬂ]j£ :O,
ot p’
E+vxB=r,
OxB = 14, DXE:—%—?, 0B =0.

Motion eq. 0; masgdensity

v; fluid velocity
Continuity eq. p; pressure

J; currentdensity
State eq. B; magnetidield
Ohms low E;ele_ctr_ic_field

n; resistiviy

y; rateof specificheat
Maxwell eq. Ly ; Spacepermeabiliy

Here we consider the MHD equilibriun®( 8 t =0) under the assumption v <g (=0).
(This assumption is valid in typical fusion plasma)

0=jxB-0p,
0+0=0,
0+0=0,
E+0=1,

0B

(xB = ), OxE==—=, OB=0

MHD equilibrium equation

| xB =01p,
- (0% B = W,],
OB =0. 18




MHD equilibrium equation Il

Starting from MHD equil. eq.

B
B

. _Bx[lp

j_j//_EJD_

0§=000xB)=0.

BZ

Bllp=0,
] lp =0.

j*xB=0p,
OxB=pp|
1B =0.
N\
OB =0
=>B =0yx0a
(Clebshexpressioh

1. Mag. field line and current
lie on contour of pressure.

2. Contours of pressure
coincide with mag. surface

ﬁnstam

v

By =0
Bllla=0

........... V ¢ /E
1. BothvWandVa are § Z
orthogonal to mag. field line. :

2. When contour o i§ defined ~—__ |,
by mag. surface, a=constat
mag. surf. denotes magnetic

field line.

constant
mag. surface



Ex. of change of mag. bottle (mag. structure) duetplasma press.

1
Low

plasma press. 7

0.5

= o

7

-0.5
High
plasma pr
-1 . Theoretical
| Iprediction
3.5 4

Plasma press. induces current
=> changes confinement mag. field
=> changes shape of mag. bottle.

2

0.4

0.2

05

In LHD discharges )
Low gl peisT,
- <By>~0.2%7 1>
f- 11
2 jo05
i ] 0

0l

TTTT

R
}?
IR REEE =

(10%rr3)

cuum

g. field

— 20
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What drives MHD instabilities in magnetized plasma8

Two driving mechanism are considered. ﬂ \J
(1) Pressure gradient (pressure driven mgde

(2) Plasma current (current driven mode)

® equilibrium
(1)=> _ stable
appears in both helical and
tokamak plasmas.
# Interchange/Ballooning mode
(2) =>
appears in only tokamak plasmas.
# Kink/Tearing mode

Does plasma in mag. bottle
move or not when plasma is

MHD Stable on not? slightly pushed?

Does the whole of it or the part
of it moves? 27




Physical picture of pressure driven instabilities

Unstable conditions;

Pressure increases as magnetic field strength in@es.

Physical picture of instability

(1) Density perturbation appears

(2) Direct. of density gradients coincid
with mag. field strength gradient
(Bad curvature).

=> Charges separates dud3toV B drift.

(3) Charge separation dueEgB drift
enhances density perturbation.

<Mag. field

LI

Coil(
B: increases

Bx[B
n; Largel vy =—— __BxlB
ZeE De eR?
x :
n: Small E  E
I} ExB

Ive

B: increases

mag. field line /

| l__l__l_i;_fl'_ N

l/\agnet)



Plasma consists of a lot of charged particles (MddDil. picture based on each particle's motion)

Basis of behavior of charged particles; Drift

Charged particle follows gyro-orbit along the magnéeld line in uniform
mag. field w/o elec. field. In non-uniform mag.lfilend/or with elec. field, it
makes the additional motion in perpendicular to nfia¢gd (drift). This is the
basis to understand the charged particle behavior.

BSmaII lon Electron lon Electron
'Large

: ® E
| B —
i vB ®
: B
m_vz =qvB=>r = my
Bx VB drift r B ExB drift
lon moves in the direction to lon moves in the direction t©xB
BxV B due to change of gyro- due to change of velocity during
radius during gyro-motion. gyro-maotion.

29

Direction of elec. drift is opposite. Direction of elec. drift is same.



Physical picture of pressure driven instabllities |

Here we consider a unstable system as analoge girdssure driven instability.

[ heavy fluid i ) A

/{/‘é perturbation
DA, 1 7 |

v

ight/fluig } |t grows
add => unstable
g g
gravitation a perturbation
gravitational instability pressure driven instabilities in plasma

destabilizing term;
gravitation and deference grad B drift force (magnetic well/hill)
of weight between 2 fluids deference of pressure (pressure gradient)

stabilizing term;
Nothing field line bending (magnetic shea§)



Physical picture of pressure driven instabllities Il

Charge separation dueixB drift enhances

density perturbation ‘

# In the rational surface resonated with the wavg - Expands
number of dens. fluc., separated charges canngtbe. /=& “\toslab.

canceled. | Vi
=> Den. fluc. with resonated wave numbers gro —_
(Unstable) G

‘ Rational surface resonated with dens. fluc. \

Rotational transform (pitch of mag. 1(6)
field line winding) = m/n ' ' i
=>

When mag. field line turns
toroidally n times, it turns
poloidally m times.

L
TR
(R
N

Wave number of m and n (toroidal : <V_B
and ploidal mode num.) Voi .

—> B; increases
When fluc. goes around toroidally

n times, it turns poloidally m times,

min. and max. of the amp. of fluc. y Edge
coincides each other before and Center : i3

after.



Physical picture of pressure driven instabllities V/

The effect of the magnetic field shear in the adifection on the ideal interchange mode

In order that the perturbation grows over the
resonant surface, it is necessary to bend the
magnetic field line so that it makes the direciodn
the field line same with that of the resonant stefa

Unless it bends the field line, the electron moton
the next surfaces cancels the separated charges for
the ExB drift.

rational surfacej=n/m. > 4
; rotational transform =i/ Mag. shear has the stabilizing effet.
n, m; integer.

The electron moving on a rational surface returrihécexact same

position aftem toroidal turns.
There the charge cancellation due to the electoms @ot occurs for the

resonant modes 32



Physical picture of pressure driven instabilities V

What is the effect of resistive in pressure
driven instability? '\ -\ Expand
. /v _<8 \toslab.
. N / \_._H ™~ '\
Hint! { s
I'K_ H‘-;:‘- e ;
Charge separation due B drift enhances Sl
density perturbation I

# In the rational surface resonated with the wav
number of dens. fluc., separated charges canno b?{a‘;
IS.

canceled.

=> Den. fluc. with resonated wave numbers gro
(Unstable)

J.H




---MHD stability analysis?---
Here we consider several possible mechanical syateamalogs of the MHD stability.

In Fig.(a), if the ball is moved a small
distance from equilibrium position, it simply
oscillates around this point. Even though th
ball neverreturns to rest at its equilibrium
position, this status is “stable”. In Fig.(b), a
small perturbation off the top of the hill sets
the ball rolling further away from its
equilibrium position, this status is “unstable”. (aq) (b)

Y

There are two methods to analyze the MHD stability.

(1) Analyzing the time evolution of the displacemefin MHD equations, especially
momentum equation.

(2) Analyzing the change of the potential energemwh displacement occurs. Since the
total energy is conserved in the frictionless syst@hen the kinetic energy increases,
the potential energy decreases. When the potameblby decreases, the system is
unstable.

Here only linear stabilities are considered.

linearly stable linearly unstaile
non-linearly unstable non-linearly stable




Linearized MHD Eq. |

2+vD]] v=jxB-0 - . :
A ot - P Starting from ideal MHD equations

ap
[l
ot fov)=0

22

E+vxB-0,

OxB = 4, DXE:—%—?, OB =0.

Here some quantities are linearlized (separategbgilerium part (suffix 0) and the
perturbed part (suffix 1). ).

D =Vo () Vi) Vo) =0, (1) =jor) +iy (. t)]ia] <<lio),

1) =Bo(r) +B,(r.1),[B| <<|Bo|, E(r,t) =E,(r)+E,(r t),Eo(r) =0,

PI) =po(r)+ o (1), o <<, P(r,1)=pPo(r)+ P (1), P << .

ov . . 0
Po=t = ~0py +];xBo +]oXBy, %+DEG,OOV1):O

%:—v Mp, = UV, E;+v,xB, =0,

0B 35

(xB, = oy, OxEy=-—1%, OB,=0




Linearized MHD Eq. Il

Summarizing the above equations,

p, % =Dl T, +p 0w, +iox{0x (e xB )+ [0x{ox(xB e,
Whenv, replaces a Lagrangian valiablé, &/ 0 t,
0% _
Po e = Fle)
F(e)=-plemp, sk (0xB,)xQ+ (0xQ)xB

where Q=0x(¢xB,).

In the linear stability analysis, the followin expseon of the time evolution of the

perturbation is useful,
gr.t)=¢,(r)expEiat). If wis imaginary, the mode grows (unstable).

Then —Poa’zﬁ = F(&)
Here it should be noticed thiatis a self-adjoint operator, IdVX F(y) :IdVy F(x).

~ P [VEs == [aVEF(), 2 oo [aves = [aver(e )

_ 1 v _ 1 .2 . _ _ 52
—>2poafjdvgg—2pow jdvga W => ¥ should be real. o

Here * denotes a complex conjugate.



Linearized MHD Eq. Il

1 . 1 . 1 . 1 .
S P [aVEE == [aVEF()=>K =2 p,[dve's, oW =~ [dveF(e)

=> w’K = IW.
:>a)2 :ﬂ.
K

Because is positive, the sign d@W determines the stability of the system.

OW>0 => stabledW<0 => unstable.
HereK anddW correspond to the kinetic energy and the poteatalqgy.

After some calculation®W is rewritten as

_g[(lox 1)
Change of the internal energy o

plasma without magnetic energ
Work against the

Change of the magnetic energy unbalanced magnetic force

37



Linearized MHD Eq. IV

W :% p‘%‘sfni%i_(’\ﬂ &+ 2% [ +wo(D/E&)2 —2(&, Mp, )&, &) -, Q. %&)

shear alfven wave | sound wave of plas
(line bending term)

k-a)’(k,a) current driven

compressional alfve destabilizing term

pressure driven (k.a)(k,a)
destabilizing term

= = (kaf

stabilizing term

When the mode is localized-a>>1
pressure driven modeis dominant.

Current driven mode;
The global mode is more easily

unstable than the localized mode.
k,a~1 38



ldeal Interchange mode | ---Reduced MHD equation---

When the high aspect approximatid@*&R,<<1) and the high beta ordering

([3-€) are applied to the full MHD equations, in a quasbidal coordinatesy,( 6,
@), the following reduced MHD equation is obtaingfegrad U x z (§ =mU/r &)

oy 9 d ) |
T~ =BU, | —+BM |p=0, —+ v (O, U =-Bl, —¢xx, p.

HereR=R,+rcosf, R,; major radiusy=a; minor radius. and are the poloidal flux and a
stream function, respectively. And

B=Bg+0wxd, v=0Ux@, j,=-07A, &=A+(1.6), k =-0Q, Qzéﬂlv(r,@).

W, and(?, are the averaged vacuum poloidal flux and the vacenagnetic curvature
potential, respectively, which are zero for tokamyand non-zero for heliotron.

The potential energy based on reduced MHD equadias the following;
&9 = [r|ouf -2 o, 2.)- i, 6. <d) @,

The terms with the compressional alfven wave andrhgnetic sound wave

disappear. Here, =0.Ux3, Q. =0,(BIU)x4. o



Ideal Interchange mode Il ---Sydum Criterion---

In order to linearlize Eqs.(1), we assumeu(r,6,¢), p=p,+pd(r.6.4), A, =A+A(r,6,9)
and 0,5 A}=10. b, Alexdi(mé-ng) -iat]

The following eigenmode equation for U is derivedha cylinder geometry,

af(li i—k ju wk,,(l d d_ K, jk,,_u +k,2p,' QU
rdr dr rdr dr w

wherek,=m/-n, K,=m/r and primes denote the derivative with respect to
In order to analyze the radially localized modéha neighborhood of a resonant
surface, the following relations are usger-r,, k,=k,’x, K,/=m/|, ..

2 1
%u {—kﬁokpo 2 kg, }u 0
I

The solution of U is assumed Edsx'. U crosses 0 around=0 infinite times
when ~ Ky P, Q'K >1/4.

According to Sydum, wheb crosses 0 without boundaries, the system is
always unstable. Then P2 1 ssifficient condition of the
localized instabilites. r° 4

Mercier criterion corresponds to the extended Sydutarion to the toroidal systéur)n



ldeal Interchange mode lll ---Relationship betwdeSydum criterion

— andglobal mode stability-—-

Generally speaking, the global mode is stable even
that the sydum'’s criterion is unstable. Why the global
mode is stable there nevertheless sydum’s criterion is
a sufficient condition of the instability?

O.1F

The mode width of the interchange mode becomes
narrower as the growth rate decreases. Yt E e
Usually the stability analysis is calculated with fnit o
mesh size. Then the only unstable modes with finite
size and finite growth rate can be analyzed. The
sydum’s criterion corresponds to the instability

(@) Bo=4.0%

condition for the limit of the radially localizedade. 05 05 o

r/a

Caution!!

The stability limit of the global unstable mode
depends on the calculation mesh size especially in
the interchange mode.

(b) Bo=2.5%

0.0 0.5 1.0

r/a 1
M.Wakatani; Chap.5.6 in “Stellarator and Heliotrovides”, Oxford (1998).



|deal Interchange mode IV ---Example of the modecstre
and growth rate of the interchange mode---

Growth Rate Ry v /vy

!
1.62%
Central Beta Value B (%)

B 0=2.5% K.Watanabe; Nuclear Fusion 32, 1647 (1992).

p=k,p,'U/w
Because w is a imaginary, the difference
of the phase between U and pu&.
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Pressure driven instabllities in torus plasmas

magnetic hill and well /minor radial direction
When mag. flux averaged @3 IS negative (positive), itis
magnetic hill (well) config.
VB islocally negative (positive).=> bad (good) curvature.

1. Tokamaks Mag. axis torus-outwardly 2. “Straight” heliotron

shifted case
Well/Hill depends The averaging location of AveragedB of
on the relative the mag. surf. is more mag.surf. decre_ases
location between torus inward as the minor as t_he larger minor
2 neighboring radius increases. radius.
surfaces. => The averageB of
mag. surf. increases as => Mag. Well. 46

the larger minor radius .



Characteristics MHD equil. related to stability in LHD

Straight stellarator's mag. field is expressed as th
followings.

B=B, +B,z=0®+B,z
(helical field by | pair of helical coils + constaioridal field)
Mag. field by helical coils is expressed by a scptaential®

® = gq’. ()1, (Mr/R))sin(l6-Mz/R,)

In torus,M; toridal pitch numbernR,; plasma majior radiusFz/R, (toroidal angle)

Here mag. flux due to helical cou, is introduced.
== 30 ()0, )1, (e R /R )eod( ~m)e)

0 I,m

By using , averaged mag. field strength and ratafitransform are expressed

R, d¢,
B, dr

B 0¥ _ ™M 1d
B2 B IRB,rar

=> @M 14d(e) Whend/dr>0,
dr IRO re dr => Magnetic hill structure.

Q= ( wh) and /7, =~

M.Wakatani et al, Phys. Fluids 29, 905 (1986).



Characteristics MHD equil. related to stability in LHD Il

) A =62, p-(1eA(L )
<Bdia§> /
F Mag. Well HEI
/ : Magnetic hill exists in the finite
- beta gradients region

=>
MHD instabilities (interchange/
pressure driven) would appear
In high beta regime.

a—— N (7
—~3%

11 Low order
1| rational
surface
m<=3

1 e B B R B
0 0.2 O.4p0.6 0.8 1 48




Observation of the mode structure of the interchang mode in LHD

N,

= . B <Pgia> E —e— 1":’0/ ('VTC)

£ :ﬁ _ ——TERPSICHORE

| . 0.04 [T
Ul i :

0.03

i | Modelstructure
E 002} IS narfow.

un

0.01 |

0! v el i |
0O 02 04 06 08 1
P

. . . , , Profile of the radial displacement by
07 072 074 076 078 08I ECE measurement and theoretical
prediction

Evolution of the ECE perturbation

Toroidal Alfven freq. ~5.3x10Hz @2.75T, The prediction of the ideal

2e=10(;?m'3, Rﬁ:3’6m | orediction. th . interchange mode is quite
CCO.F INg to theoretica pre Iction, the growt consistent with the observation
rate is around1.6x10*Hz (63us).

on the mode structure.

There is d|SCrepa_'nCy between the prediction A.lsayama et al; Plasma Phys. Cont?JFus. to be
and observation in the growth rate. published (2005).




Reduced MHD Equation

( jv:jXB—Dp, Motion eq.

0p 0 _ .
s fov)=0 (Ewuﬂjp =0, Eq. of continuity and state fgr0
0B

E:_DXE UxB =), UB=0, E+vxB=0 (1), Ohm's low Maxwell eq.

Here some quantities are linearlized (separateghgilerium part (suffix 0) and the
perturbed part (suffix 1). ).

v, ) =0+v (), ()=o) +iy 0.t iy <<[ig
B(r,t) =B,(r) +B,(r,t),[B,| <<[B,|, E(r,t)=0+E,(t),

P 1) =p(r)+ o .1), o << py, p(r,t) = po(r) + py(r,t), Py << .

The 1st order momentum equations are as follows:

ov, : :
=-0p, +j,xB, +j,xB,,
,00 ot p1 Jl 0 JO 1 poa(;{[l__Dpl-i_Jle +JOXB
3o, Jp
et R v,)=0, —t=-v, 0p, - yp,0V,,
ot [ﬁpo 1) ot 1 1P ~ W WYy %H][ﬂpovl)zo, %—%:—Vlﬂﬂpo,
E1+V\1>(B£:M1,\ =
—L1=0Ox(v,xB,-n0xB,), OB, =0.

aBlZ—DXEl, DXB]_:iuojl’ DI:B]_:O- ot ( K ) 'J-_.\ﬂ

ot



Reduced MHD Equation Il

The 1st order momentum equations are as follows:

po% =-0p,+j,xB, +],%xB,, Here v, = Oisassumed‘?a%+v1 [Mp, = 0.
0 d

2 +0dp)=0, v, mp, =0

%:DX(WXBO—/]DXBJ, OB, =0.

L= ~(v,m)B, +70%B,.

7=0,v, =0U x@,andB, = Oy, x § areassumed, = Byf + 0y, x @, j, =-0." (@~ (r,0)).¢ =, + 4.

oy 0 ) ) .
Y -BmuU, | Z+BmM|p=0, o —+vID|0.U =-Bj, -$xx. Mp.
o (at )p p(at j . j, —9xx p

51



ldeal Interchange mode | ---Reduced MHD equation---

When the high aspect approximatid@*&R,<<1) and the high beta ordering

([3-€) are applied to the full MHD equations, in a quasbidal coordinatesy,( 6,
@), the following reduced MHD equation is obtaingfegrad U x z (§ =mU/r &)

HereR=R,+rcosf, R,; major radiusy=a; minor radius. and are the poloidal flux and a
stream function, respectively. And

iy =-02A, W= A+, (1,60), k, =-00Q, Qzéﬂlv(rﬂ).

W, and(?, are the averaged vacuum poloidal flux and the vacenagnetic curvature
potential, respectively, which are zero for tokamyand non-zero for heliotron.

The potential energy based on reduced MHD equadias the following;
&9 = [r|ouf -2 o, 2.)- i, 6. <d) @,

The terms with the compressional alfven wave andrhgnetic sound wave

disappear. Here, =0.Ux3, Q. =0,(BIU)x4. -



Ideal Interchange mode Il ---Sydum Criterion---

In order to linearlize Eqs.(1), we assumeu(r,6,¢), p=p,+pd(r.6.4), A, =A+A(r,6,9)
and 0,5 A}=10. b, Alexdi(mé-ng) -iat]

The following eigenmode equation for U is derivedha cylinder geometry,

af(li i—k ju wk,,(l d d_ K, jk,,_u +k,2p,' QU
rdr dr rdr dr w

wherek,=m/-n, K,=m/r and primes denote the derivative with respect to
In order to analyze the radially localized modéha neighborhood of a resonant
surface, the following relations are usger-r,, k,=k,’x, K,/=m/|, ..

2 1
%u {—kﬁokpo 2 kg, }u 0
I

The solution of U is assumed Edsx'. U crosses 0 around=0 infinite times
when ~ Ky P, Q'K >1/4.

According to Sydum, wheb crosses 0 without boundaries, the system is
always unstable. Then P2 1 ssifficient condition of the
localized instabilites. r° 4

Mercier criterion corresponds to the extended Sydutarion to the toroidal systé’?n



Pressure driven instabilities in torus plasmas

Ballooning instability

When locally bad curvature exists in a magnetic fuace, poloidally
(and/or toroidally) localized pressure driven unstabhbde appear there.
=> pallooning mode

Ex. Tokamak
Good

ad curvature
curvatuUnstabIe model appear

localizedly here
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Pressure driven instabilities in torus plasmas

Stability condition of ballooning instabilit

It is principlely same with that in interchange mode.
However local value of the curvature and magnetsasiare important in the
bad curvature region.

pO'Q' 1 12 — =2 ~ — r ~ ~ -
- > Zl => —-Qq°p, Q>-s" |s=—Qq'=——/ meanghevalueatbadcurvature
r g [

2

Evenin tokamals,Q'is positive.

B increases
Shafranov

shift oc

B, increases where the magnetic fields becomes dense.

Increment of Bis larger where the the magnetic fields become®rdense
(the relative shift of the magnetic surface tortle&t magnetic surface is
larger. In edge region, the relative shift is layge> dAB /dr >O0.
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Pressure driven instabilities in torus plasmas

Stability condition of ballooning instability

Heres = _g-a,-a 0 (Aq)'is themodification duetoshafranowhift.
q

B rB
(AOI)'=d r S| Bpdp <0=>qg>0.
dr{AB, R) R dr|AB,

(s—a)*<ka=>s"-2as+a’-ka <0 1

_r
=> g —Jka <s<a++ka S=q
Accordingto moredetailcalculatian,0 < k <1.

In tokamaks > 0. stab

stable
aD—ﬂF

56



Pressure driven instabilities in torus plasmas

More exact treatment of stability analysis of baiflong mode

In order to exactly analyze the ballooning modeibtabwe introduce the
Eikonal approximation.

A=F(r)exdis). S(r,8.¢) = -nlg-q(r )6 -6 )] => {ng-m(rJ6-6,)]. n>>1

A= F(r)exp(ik [ +ng (r-r, )0 —90)) => F(r)ex;:{nq‘(r-rr )6 —@O))exdik [ ); nearq =4, .
cf.S=[ng-m(6-8,)];in fourieranalysis.

resonant surface

Change of this part at resgnance IS relativelydlargar resonant surface

When the Eikonal approximation is introduced, theepbal energy is rewritten
as follows. RB,¢, = A
r dq

2
M:I (1+/\2{d—|:j —a(Asind+cosd)F? d<9,where/\:sé?—asinﬁ,s:——,afz_Z'UOF;q2 @
do q dr B®> dr

Minimization of the above potential energy leadgh®following Euler equation,

2
OI{(1+ /\Z{d—Fj ~a(Asing+ cos@)F} =0.
do do

[ref] J.Wesson; Chap.6.13-14 in “Tokamaks --2nd.ediClarendon press (1997).



Pressure driven instabilities in torus plasmas

More exact treatment of stability analysis of baiflong mode

There is no simple analytic solution of the Balloaneq,.
Here just show a numerical calculation result. (i yeant to know more detalil
analyzing procedure, please see refs.[1], [2],[3]).

According to refs.[2], the stability a

boundary is expressed as the ¢ Y AN

following ons-a diagram. Her® af T | ]

IS the amplitude of the magnetic N S .u,;ggé%g‘ .

well (averaged good curvature). of -

It shows that in the averaged good s

curvature, the no ballooning mode M

unstable operation is possible. oL ]

2 - 2nd STABLE |

oL RO
i ] o.

[1] J.P.Freidberg; Chap.10.5 in “Ideal Magneto lnglynamics” Plenum press (1987).
[2] M.Azumi and M.Wakatani; J.Plasma Fus. Res., B®() 494. S8

[3] J.Wesson; Chap.6.14 in “Tokamaks --2nd edit.4dréndon press (1997).



ELM (Edge Localized Mode) |

Phenomena that heat and particles in the plasmaredmm are
oscillatingly exhausted in H-mode plasmas (Typicallyenbasd signal is

the spick ofHa (Da) emissior).

Pa (MW)
i

W, (M1) mng (102°/m®)  Da/Ha

P /48 SENESUUMSEES— R S

1000 1500 2000 2500 3000 3500
TIME (msec)

Fig. 1 Time traces of plasma parameters in a DIII-D dis-
charge where type | ELMs are observed in { = 1,600
-2,000 ms and t = 2,600-3,000 ms, and type || ELMs
in 2,050-2 450 ms at higher elongation and triangu-
larity [5].

{51 T. Ozeki ef al., Nucl. Fusion 30, 1425 {1990).

_ ELMs

When ELMs occur, the impurities like He
are efficiently exhausted. In H-mode
operation without ELM, it is not easy to
remove the impurities. Though
confinement improvement of H-mode with
ELM is less that that without ELM, it is a
favorable phenomenon for controlling the
Impurities and the understanding of the
mechanism is important..

H-mode;

A kind of the improved confinement mode. the
significant reduction of particle loss in the edge
region is observed @d(Da) signal is reduced).
The steep gradients of the temperature and/or the
density in the edge region appear. 59




DaiHa

¥

ELM (Edge Localized Mode) Il

Type | (gia\nt) ELM

Typ/e Il (grassy) ELM There are some types

4.0

_ T

-J!.L.‘..r.u!ﬂﬂ.uh-ljﬂh
195

L~ e \\»—/_'_\ Config. changes

1 the shape is elongating
1||T5 1-I'IIIlIIl||=-!II||lll|.l l.lIll1_||-l-|=ll||F‘|||1'|1ll.I

1000

1500 2000 1500
TIME (msec)

Frequency

3000 3500

Type I; 10~200Hz; proportional to the heating power

across the separatrix.
Type Il; higher than type |

10.0

Ny (10™ mY
5.0

1

: b

-0.5-!;.3 -(;.1 (;.1 0I.3 OI.S tll.7 Ol.S 1.1
VERTICAL POSITION {m)

b # ;——Sms before type | ELM
by fw "1
ot

——11ms after type | ELM

o e 60
{ 6] P. Gohil ef &., Phys. Rev. Lett. 61, 1603 (1988).



A probable candidate of driving mechanism of ELM

Onset condition of type | ELM

ArGiantELMonsel 7] strongly depends on the
v [Ip=0.4-2.3MA, <& : . :
:,E-; 3 ;3;:15%4.31 “g’. . triangularity.
S ofx=1.38-1.54 k . L
Sh s, : The stability criterion also strongly
S 1 . depends on the triangularity.
Obct et e e L]
-0.1 02 04 06 —s
triangularity o _ o
Fa- 5 The orial sdgo « paramotr e nrmlize e A probable candidate of the driving
pressure gradient) al onset of the flrS? e . . .
:;te;r: E}hialf)l.uwl[-:if;ie period increases with triangular- meChan Ism IS bal Ioon I ng mode .

[15] Y. Kamada et al., Proc. 16th IAEA Fusion Energy
Coxnf. Montreal, 1996 (1997) Vol.l, p.247.
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A theoretical model of driving mechanism of ELM

ref. P.B. Snyder et al., Nucl. Fusion 44 (2004).320
n=13Peeling external kink M= 8, Coupled Peeling-} peejing Component

Ballooning Mode
(ﬂ) Small ELMS Large ELMS
P R n = 6 Marginal
0.98 0.99 1.00 06 07 0.8 l\PI:I.Q 1.0

W \
010 yo=rabTe __

20406 ﬁ.;l,ﬁ 10

5 0.06 ; -
ﬁ.ﬁu.nq 1 “:"!-J - .. X
0.02 ; Stable 3am "am"
0.00 — R e SR
0 1 . 3 3
PN ~P ped
()
— -ELM Crash
—ELMRecovery " —~

-ELM cycle

Cycle | ; Large ELMs (Type | ELM).

Cycle II; small ELMs (small Type | ELM or Typ% |l.
Cycle lll; low power, low density (Type Il ELM).

Jped

Pped



Importance of the measurement of edge currentlefofELM study

Observation of the current profile in the edge reggimportant to
identify the driving mechanism of ELM

| 4-H mode
T 4L mode

In DIII-D, Zeeman effect of the Li
beam probe is used. Spatial
resolutionAR~5cm, 32 channel.

Pltch Angle (degrees)

Application of the MSE measurement
IS not suitable fo edge current profile
measurement because the NBI beam
attenuation is very small in the edge
region.

ref. D.M.Thomas et al., Phys. rev. Lett. 93, OGSQ(I&O%%).
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Physical picture of the current driven instabiBti&ink modes)

m=0 m=1
5 - Mag. surfaces (press contour) @
0’ ]
smal Situation ’ _
_ 1. Mag. stress is balanced with By, bending
Bg; larged b press. gradient in equilibriun sm rge
B \\ state. ol duced b
2. Mag. field is produced by
D—/ longitudinal current.

Once cross-section of a Once column of mag. surface bends kink-like, mag.
mag. surf shrinks at a field strength increases in small curvature regiorand
location, mag. field it decreases in large curv. region. Mag. stress small
strength increases there, curv. region is larger than that in large curv. regon,
and mag. stress presses and the column is pressed to bend more.

mag. surf. radially. => mag. field strength increases in small curvature
:t> mc;gases of mag. field region and it decreases in large curv. region.
strength.

Once plasma moves, it continues to move.

=> Unstable

B, = /2 Under presence of longitudinal field,
B2 additional force is affected as to suppress

p+—— =const

244y line bending. => Stabilizing effect 65




Linearized MHD Eq. |

2+vD]] v=jxB-0 - . :
Aot - P. Starting from ideal MHD equations

ap
[]
ot fov)=0

(i+v|]]]j P =0,
ot ol
E+vxB=0 (7),

OxB = 1], DXE:—%—?, LB =0.

Here some quantities are linearlized (separategbgilerium part (suffix 0) and the
perturbed part (suffix 1). ).

D=V () Vi) Vo) =0, j(rt) =jor) +iy(t)]ia] <<lio),

1) =Bo(r) +B,(r,t),[B| <<|Bo|, E(r,t) =E,(r)+E,(r t),Eo(r) =0,

PIt) =po(r)+ o (1), o <<, P(r,1)=pPo(r)+ P (1), P << .

ov . . 0
Po=t = ~0py +];xBo +]oXBy, %+DEG,00V1):O

%=—v [Mp, - w1V, E; +Vv,xB, =0,
OxB, = i, OxE,=-221 OB, =0 66

ot



Linearized MHD Eq. Il

Summarizing the above equations,

p, % =Dl T, p 0 ), (X xB )+ [0x{ox (v xB e,
Whenv, replaces a Lagrangian valiablé, &/ 0 t,
0% _
Po e = Fle)
F(e)=-ple mn, + I B+ (0x8,)xQ+- (1xQ)<e

where Q=0x(¢xB,).

In the linear stability analysis, the followin expseon of the time evolution of the

perturbation is useful,
gr.t)=¢,(r)expEiat). If wis imaginary, the mode grows (unstable).

Then —Poa’zﬁ = F(&)
Here it should be noticed thiatis a self-adjoint operator, IdVX F(y) :IdVy F(x).

P [AVE G == [AVEF(E), - poas” [aves = [aver(e )

_ 1 R :i +2 . _ _ 2
->2poa)2jdvgg o P jdvga W => ¥ should be real. .

Here * denotes a complex conjugate.



Linearized MHD Eq. Il

1 . 1 . 1 . 1 .
S P [aVeE == [aVEF(e)=>K =2 p,[dves, oW =~ [dveF(e)

=> 'K = IW.
K

Because is positive, the sign d@W determines the stability of the system.

OW>0 => stabledW<0 => unstable.
HereK anddW correspond to the kinetic energy and the poteatalqgy.

After some calculation®W is rewritten as

_g[(lox 1)
Change of the internal energy o

plasma without magnetic energ
Work against the

Change of the magnetic energy unbalanced magnetic force

68



Linearized MHD Eq. IV

W :% p‘%‘sfni%i_(’\ﬂ &+ 2% [ +wo(D/E&)2 —2(&, Mp, )&, &) -, Q. %&)

shear alfven wave | sound wave of plas
(line bending term)

k-a)’(k,a) current driven

compressional alfve destabilizing term

pressure driven (k.a)(k,a)
destabilizing term

= = (kaf

stabilizing term

When the mode is localized-a>>1
pressure driven modeis dominant.

Current driven mode;
The global mode is more easily

unstable than the localized mode.
k,a~1 69



External kink |

- pg\s{{ypo(m&) om0+l Jo(Qxa)}vgcyu{%}

0 10 10
>>

~g? —~Z—_>>=_—  [1[&=0 as the minimizing pertuurbaon.
P a8 Rop DO I P

A = mja[g_ jzo(Qrére —Qu¢, )}d&dr +7R‘[b(ijd9rdr.
o\ Ko “\ Ho

where Q*=Q,*+Qg% ais the plasma radius abdhe radius of the perfect conducting

wall. The perturbatlons are Fourier analyzed inftime exp[imé&ng, and
becomes _id (ré).

Here usingQ=Vx(§xB,), then
_ ImB, 1 B, d ﬂ—ir
Q=" ?(E qjf = Rder qj ér}.
where q (¥B/RB;) Is the safety factor. Andyj,;=V xB, (=(1/r)[d/dr(rBy)]).
B o(n 1Y ., (d](n_1

N, = R L rdr{m (E aj ¢ +[JKE a}l’fr}
1d n 1) d di(n 1
+?a(”39){[a—aj§ra(ffr)JfaKE‘a

N

=

¢ }*}] 70



External kink Il
After the integration by parts in the term involyi§dé, /dr,

7By o dij oz _2) L 2(n_ 1), (n_ 1) |-
Mo =R err{(r dr -3k, }(m qj}{qa(m qaj{m qa”aéra'

where the subscri@atdenotes the value ata.
Next we consider the vacuum contributiordW'. In the vacuum, the perturbed magnetic
field is expressed by a flux functio®asB, ,,=-(1/r) 0 ¥ 8 fandB,,,=9 H dr . Since
2 _ _ m2 dy
B =B Buo, =3 ‘“*( ar j ' thedW,, is written as

-7 o= ] Y (8o
Ho Uy |2 r rdr dr dr J|,
m

1d( dy
Here it is noted tha¥/satisfies the following Laplace’s equat|0ﬁ,d ( d—j——z‘P =0.

:
_7PR(
Then = ( drj

Here we assume the solution of the Laplace’s eguadiwritten as $=ar™-4-™,

For the conducting wall atb, B,(b)=0 => =0 atr=b.

For the plasma surfacea, B, (a)=-Im¥,/a=Q (a)=-I(mB,/R)('m-1/q,) ., =>
"UazBea(nqa/ml)gra' 71



External kink |11

The solution of the/is given as W = B&(”Ua _1j (r/b): ‘(b/f): £
m J(ab)"-(b/a)
Then the vacuum contributi@dW,, is expressed as

om When the conducting wall
M, = #Rm(ﬂ—ijazfraz, where A 5%, moves to infinity, (b=>inf.),
:uO m qa 1_(a7/b) )\:>1_

The above equation is added to the plasma contbaV,

e e e el

When &, =0, N =0. => stable or marginal stable.

The integral contribution (inside of the plasmadlsays positive or zero. When we
consider the case that the-@, m>0, -inf<n<inf, the necessary condition fostability is

F+(1+m)(ﬂ-iﬂ(ﬂ-ij<o o mmi-t_ o om

AN =

Ua m g,

- mm_l<qa<m (m:2,n:1:>2/3<qa<2,m:3,n:1:>3/2<qa<3) @A =1
nm+1 n

12



External kink IV

When m=1, gy 78 gl -] z(i]z(i] 2t
R dr g .l a 0 N
The minimizing eigenfunction in the plasma is givsné (r)=¢ =constant. Then

M:{Zn(n—iﬂazfraz. => qa>121 (the condition of stabilizaton, Kruskal- Shafranowcondition)
Oa n

When m>=2, the trial function which minimizes timeigral term (plasma term)
should satisfy the following equation (Euler-Lagyareq.)

b
dr m q) dr m q

Assuming the above eq. can be solved{fpone can rewritéW as follows:

e
m qa fra m qa m qa

To evaluatedW the Euler-Lagrange eq. should be solved afidé, be calculated.
Assuming the mode structure is localized near thenmpa boundary and after
some calculation, we obtain the unstable critetaing the current profile into
account.

E m- Ja <qa<m, for J,#0, and m-—ex 2m<J> <qa<m, for J,=0.
n (J) n n <J> n 73




External kink V

How fast the current gradient must

Mode numbers (]} )

vanish is difficult estimate by the 1111 12 1323 1 ™2 3 4567
analytical methods. 1> BP9 47 37 = 2 4 3005 v=0
The right figure is the numerical 440 jpprofiles
results of the unstable region for l
external kinks for a current profile 2 T B
j(N=jo(1-p?). p=rla. g=g,A1-(1- 3 v\
PV1=>a/q=v+1. i %L

| I 1
8765 4 3 2

9q

Whenv>2.5, all m>=2 modes are
stable for any qa.

When 19<2.5, the stability window
of g, exists.

J.A.Wesson; Nucl. Fus. 18, 87 (1978).
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External kink VI ---Observation of the mode struetof the
external kink mode in TFTR---

[p(MA)

)]

N

MHD Mirnov (ark)

]

frequency (kHz)

T T T T T T T
3080  time(s) T;,,OS__;

Disrupt

05%. Oy = 14 and f, = 1.3. Mode structure
#4011 .
1o is broad.
1al - edge
fror:wl.'[ﬁfizlfr}wov - g \
2 1 ' & =T1./(-VT,)

L —>

Small
FPEST .
"
N - - - -
3.0 31 3.2 3.3 34 Shot =4011
Time (s) 3.08

major radius (m)

Profile of the radial displacemenizz=z
by ECE measurement and

. Y Eremp (mm) 25

theoretical prediction €9 (mm) 7

aB (G)
wy=1.7e4~5e4Hz |
n=1e20~1el9m, 5T
Ygrow/ W =0.5~0.2

The prediction of the external kink mode is quibasistent
with the observation on the mode structure.

75
M.Okabayashi et al; Nucl. Fus. 38, 1149 (1998).



Tearing mode --Physical picture--

A iy (x)
X
0 x; >
a a
AB
a 0 x}
If B, =0in|x|< J,I(Byz Z)JIV is reduced.
AY B. (x) By (%)
r A AMAA - b
l I realize
VvV VR > YYYY Y >
Without resistivity With resistivity
. ij -a<x<a . —
2= X>a from div B=0
\ 2
Byox -a<x<a 9 - Ox(vxB-nj)=> (0B, = KB,y o
B,(x)=1-Bya  x<-a ot 0x
Boa X>a If #=0,B, =0@x = 0becauseB, =0.1f ## 0,B, # 0@% =0

Goldston, Rutherford; Chap.20 in “Introduction tastma Physics”, IOP pub. Ltd. (1995).



Tearing mode |

Byl AY B (x) AY

v
G —
N4
<
—_—

Y %

1: A A AAAA Bl“ A

By (x)

L AAA

Y %

YYYY YV Y B YYyyy.xy g ™l
With resistivity

=> change of topology of=> current, |,,, appears
magnetic field structure

a_B = -0 x (V xB _/7j):> ia)Bxl = -kleyOuxl-r]

ot

B kg, =0,88, =B %Bu

0+ yl‘ 0-’ aX yl

=> luojzl = _iABxl/ky

Hola = B,

Whenj,, exists, tearing mode is unstable.
ThenA'>0 => unstable

yl x1 \

from div B=0
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Tearing mode Il

From linearized momentum eq.

— a[B zi( H k,"B,,B, =0, for"outer-regions".

ox| ° ox
- . — B, +Kk B U, for"resistivdayer(|x| < 0 = . =
WPu My PV in ( y Py ) y (‘ ‘ K,Byo Uy 0X>

- 4' Is determined.

— Relationship betweernd' and y (-iw) is determined.
04 . \45
(7Y os5aa) |
Y217 ) - “Magnetic Reynolds number
> ) ~1C®in JT-60.
=> very large

T, magnetic diffusive time ~ min is very long,
but y of tearing mode isfarly large.
(T1,~10"%s) -8



Tearing mode llI

When we solve the momentum eq. in the outer regions

6 2 6 B 2
—| B, —|=1|-k,B,,B, =0, o

under the following configurations,

-

ByoX -a<x<a il
B,(x)=1{-Bya X<-a Al
| B yoa X>a

we obtain the solution,

1
£
|

Koo 2k, [ex'p(— 2k¥a) -2k, a+ 1] |
exp(— 2kya) +2k,a-1

Generally speaking, wher) is small, the tearing mode easily becomes
unstable.
=> For the large kmode, the line-bending stabilization easily becomegela

79



Neoclassical tearing mode --- Physical picture ---

The existence of bootstrap current is indispensaldditgbtaine the advanced
tokamak plasmas because it helps to reduce the extermaht drive and to

make the negative shear configuration.

original B, in
tokamak

However, when magnetic island
exists, the bootstrap current affects
the MHD stability through the
neoclassical tearing mode.

Jg X I flows to
proportional enhance original
to dp/dr B, in tokamak

localized BS current
in X-point enhances
original mag.
perturbation which
produces mag.island.

=> Growth of Neoclassical
Tearing mode 50



Neoclassical tearing mode

C.C. Hegna, Phys. Plasm$s2940 (1997).
The model eq. of the evolution of the island wid#oified Rutherford eq.)

e ()= ) - koeip, B (107 L Fhirfen oy kel (f2) s 0rer s i ipie=ti
the seed island due  destabilizing term stabilizing term due
{0 tearing mode due to BS current to external current
stabilizing term stabilizing term due to
due to mag. well polarization current

81



Example of observation of the neoclassical teamogle

Neutron production .
rate due to DD reaction INn TFTR

lp=1.6 MA\B=4.8 T, R=2.45 m, 8~0.80 m, g4~5.0 [a)
20} : 662
10

-0 - S WO
T

Gauss
oo
ey X
TITri1¢
[ o]
g.%'
L %m-
I
|
ko %.
L
s
™aamndsi

Observation;
After b have exceeded 1.2%, it and S

saturate, and just before the saturation,

m/n=3/2 fluctuation starts increasing.

Z. Cheng et al., Phys. Rev. Lett. 74, 4663 (1995).

kg = 1.65

m/n=3/2

T —
--.-.'-
g_..-
-

w (cm)

ECE a
measured
Island width

L 0 o 0 . 1% § . 1 1.

QO = MW A 00D - D
e

time (sec)

Comparison of the measured m/n = 3/2
island width (labeled 'a") with the
neoclassical tearing mode theory (curve 'b'’
uses the time dependent parameters and 'c
uses fixed parameters)

How isit identified?

Comparing measured m/n = 3/2
island width with the theory.
Mod. Rutherford model works

well to explain the observation
82



Disruption |

A dramatic event in which the plasma confinemenuddgnly destroyed.

In tokamak operations, it is often observed.

=> As a main cause, the instability related withdbeent driven mode and the
subsequent destruction of the magnetic surfaces.

Typical sequence

. M\ 1. Precursor in mag. probe signals are
— Preprecumor ] observed.
. - e | 2. Temperature suddenly descreases.
_Aggz‘;gm:lh_ 2'. The equilibrium is destroyed less
t. M than once. And it is considered to
Fast el be reconstructed.
g wiil : 3. Density and net toroidal current
N N decrease slower than temperature
Dk does.

Decay time of density is mainly determined by pkrttonfinement of the cold
plasma, and that of net toroidal current is by LiiRd.
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Disruption Il

The radial over-rapping of tearing modes, a extdamk and the positional
Instability are considered as main causes.

2
1 (MA) il /\
(0] = e
By(arb) (n=1) 2[°
0
-

By(arb) (n=2) 2 A
0
2

40
20 o=

B (G) (n=1)

s SMINDAA—
K

8 /
BG)(n=1) 4 M

[1)= 1 T | 1

10.74 10.76 10.78

Time (s)

An example of the growth of
MHD instabilities due to tearing
modes in a disruption.

ref. J.A.Wesson et al., Nucl. Fusion
29, 641 (1989)

n=1/m=27, n=2/m=37? tearing modes.
Oscillating periods become long.

Tearing modes are not annihilated.
Only oscillation have stopped(de locking).

(-B=0xE)

=>

B, component monotonically increases.

g, should be larger than 1. and
the smaller toroidal current
flows as the minor radius
increases.

=> The central current profile is
flattened. And the current
gradient increases near =2
surface.

=> The tearing mode b&comes

easily unstable.



Disruption I

n=1/m=2
n=2/m=3
@ When over-rapping of the island due to
| tearing modes occur,
magnetic surfaces are destroyed, and
@ the confinement will be lost.
/growing

Vacuum Vessel (Wall)

When a external kink and the positional
instability happen, the plasma losses
rapidly due to a touch of the wall.

=> Rapid decay of temperature
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Sawtooth oscillation

Typical behavior

At first, the inner signal gradually increases #melouter one decreases. And at a time, the inner
signal suddenly drops, and at the same time thex signal increases. It is repeated.

=> The inner temperature (and/or density) sudddrips, and the outer one increases.

The collapse is due to the instability with m/n=%&tducture. It usually starts when a gq=1 surface
appear in plasma region.

* ref. ASDEX team, Nucl.
- Fusion 29, 891 (1989).
<7
AA
3 i
o !‘ e=1 | a=1 Sawtooth
\ i ] ;
?:_I.- _540 . x."ﬁ?- \_.‘: “E.S". L0 r lcm]
- Ve \,
1 ! "X
| 1 ,l
o \ - I
| ELM” ,,'
I
-2.4 I
i I I I I I I | ..L i J'I-I-I'J'-I-I- - LJ,
0 30 100
ref. S.Von Goeler et al., Phys.  1/MS o

Rev. Lett. 33 1201 (1974). Radial profile of fluctuation of SX



A theoretical model for sawtooth oscillation

Kadomtsev’'s model
m/n=1/1 instability displaces the center regionlama. The X point is created,
the mag. field line breaks and reconnected wherendmmnetic flux is

crowded.In intermediate state, a cooler core islarstiirounding the displaced
hot circular core.

reconnection of mag. filed line occurs
due to resistivity

According to Kadomtsev’s model,
the collapse time 18y(1,/15)%°

flow pattern of m/n=1/1

. : ref J.Wesson; Chap.7.6 in “Tokamaks™=-2nd edit.--
ideal kink mode (Q:O'S) " Clarendon press (1997).



m=1 internal current driven modes

The leading order @W respect with r/R is zero. When we consider higher
order, thedW is expressed as the followings.

(1 . B, (r, 13 [ (p=pyJrdr
aw_(1 nz)dNCuanfo ,uo( jawr oW, =31~ )( ﬁmj’ﬂm_ B, /21y

Cylinder effect; in tokamaks, &%Oidal ige;t;th ideal int | kKink mode b tabl
050.5. Then this term always enp,;>0.3, the ideal internal kink mode becomes unstable

positive However, the growth rate is small becad¥eéis small.lt should
' be noted that ideal internal kink mode is.unstable just in finite
pressure plasma.

4

When we consider the resistiveity effect on the m/bh=1
mode. That is unstable even without plasma pressure: :

o\ 2/3 qo_« qO:O.8
_(rag 1 (1, PN .~
| R |7 - Thereare stronger effectof the /(" (D \; -

9 R\'A/  resistiveity. When the ~TTT

) (s resistivity becomes large, it PPN

V:LTRIORS(A&) _ more easily destabilized than VT

A7 r = i -
tearing‘mode ° m=2 tearing mode. - o

displacement and flow patt%rn of

ref J.Wesson; Chap.6.10-11 in “Tokamaks --2nd m/n=1/1 ideal kink mode

edit.--" Clarendon press (1997).



Comparison between exp. observation and Kadomatsexte
ref J.Wesson; Chap.7.6 in “Tokamaks --2nd edit.-&r€hdon press (1997).

Some discrepancies exist between observation @nahdllel;still open question!

(1) According to a observation of,dj, remains well below 1, which is conflict with the
model which predicts full reconnection.

(2) According to the model, the collapse time rgéa as the device becomes larger
because of the increasetgft,, which is conflict with the experimental resulst the
collapse time hardly depends on the device size.

(3) According to a observation of fluc. contourdpibks that cold bubble invade the core,
hot island is surrounding it, , which is conflicitivthe model which predicts a cooler core
island is surrounding the displaced hot circulaeco

0.8

Time evolution of observed,q
“ | ref. H.Soltwisch et al, at 29th APS
meeting, San Diego (1987)

17,

Alt=0, P =4.2) B{t=100 P =4.2) C1=130, P, =42) B{t=310, P, =30 E{1=2540, P, =2.4) Flt=5040, P, =26
7N AN ]
¥ Y . ECE tomography
| '.'@h ' | il.I[ @E}! | .
& - result in JET
! / \ /
\ \ ref. A.E.Costleé t al,
— — PPCF 30, 145 ?e1988)

It looks that cold bubble invade the core, hotndl#s surrounding it.



Index of lecture

1. Introduction of MHD Jan. 5
2. MHD equilibrium Jan. 5
3. Pressure driven MHD instabilities
Interchange mode Jan. 12
Ballooning mode Jan. 19
4. Current driven MHD Iinstabilities Jan. 19

5. Hot topics of MHD equilibrium and instability
Jan. 27
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On next phase of this class,

Start from Feb. 1 (Tue.) 13:30~
At meeting room on 7th floor.
Teacher; Prof. Miyazawa
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Mode coupling

through configuration effects

through Non-linear process
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Reduced MHD Equation

( jv = {xB-0p, Motion eq.

p 0 _ .
s fov)=0 (awuﬂjp =0, Eq. of continuity and state fgr0
oB

S~ OxE OxB=y), OB=0 E+vxB=0 (7) Ohm's low Maxwell eq.

Here some quantities are linearized (separate tnélegqum part (suffix 0) and the
perturbed part (suffix 1). ).

v ) =0+v,(rt),  J) =) iy 0.0 <<ljol.
B(r,t) =B,(r) +B,(r,t),[B,| <<|B,|, E(r,t)=0+E,(rt),

P 1) =p(r)+ o, .1), o << oy, P(r,t) = po(r) + py(r t), P << Py.

The 1st order momentum equations are as follows:

ov,
=—[p, + xB + xB
Poa ot Pt ], Jo poaa\{[l——Dplﬂle +j,%B,,
0p, apl
—=+[ VvV, )= =-v, Oy,
ot [ﬁpo 1) ot Po = He ' apl_i_lj[ﬂpo ) 0, aplz_vl[[]po,
S Bo = e o "
—L1=0Ox(v,xB,-n0xB,), OB, =0.
91 - _oxE, D‘ml, 0B, =0. ot ( ~0xB,) o4

ot



Reduced MHD Equation Il

The 1st order momentum equations are as follows:

06\11 =-0p, +j, By +j, xBy,

HereJ v, = Ois assumed‘?a% +v, Mp, =0

0
%wlmpo:o,

9B, =0x(v,xB,-70xB,), OB, =0.

Here[[(B x)for 1steq.,andby usingd [v, = 0and [B

)B, +70°B,.

/vincompressible approximation
1

=0.

vorticity eq. |Oxv,; vortecity

energy (density) conservation eq.

Faraday's law + Ampare, Ohms low

v, =0U x@,andB, = Oy x $ areassumed, = By + O, x @, j,, =-0, 9.

Ao

d

S 0V =-8 ,m(o?

) ¢ xx, Op,, a;:”v Mp, =

0, aa—lf/ =B, U +’7D52§U-

o

JJ



Mode coupling |

a =[]U x ,
= 0-U =-B, DD(DDZM)‘W& iilvy \./1 2¢
ot lo = U9
op _
a—tl +V, D]]po =0, po:TZZDDZU :—BODD(DDZ%}%*WU
a 2
% g, mu s NPT,

A kind of wave

Fourier-Laplace expansion; torus plasmas has 2df/period.

N

{U ? p’ A} = Z{U mn? I,jmn’ Ann}exdi(mg_ n¢) - I CUt]

m,n
U... B A, arefunctionof p (radialvariablejndexof magsurface)
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Mode coupling Il --through configuration effects-

Po

62

O 5 w--8, >mo(o, )

02

ZX _expli(md-ng) —iat)~ -B,’ DDD(ZX “expi(mé- n¢)—|a):)j

WhenB, (equilibrium field) is homogeneous case, there is nderemupling.
=> X.,.exp(i(mB-ng)-iwt) is independent each other.

WhenB, (equilibrium field) is inhomogeneous case like tokasjllg =
B,*R/(R,+r*cosd)], mode coupling happens.=> mode coupling through
equilibrium config.

=> Whenwis fixed, Sum_X exp(i(mB-ng)-iwt) is determined.

Notes!

There are some means in word "mode".

Whenwis fixed, the space structure (combination set of X,n(p)) is
determined. The set includingmeans a mode.

A component of Sum_Xexp(i(mB-n@)-iwt) is sometimes called "mode".4,



Example of mode coupling through equil. configurati

ref. P.B. Snyder et al., Nucl. Fusion 44 (2004).320
n=13Peeling external kink M= 8, Coupled Peeling-} peejing Component

Ballooning Mode
(a) Small ELMS Large ELMS
_—F0  n=6Marginal
098 099 ~ 1.00 06 07 08 09 1.0
v \ \
0.10
Iaftable /
0.08 J=Unstable e - 270406 ﬁ‘llfﬁ 1.0
:eﬁ 0.06 - o e
_B 0.04 - “!
0.02 |
0.00
0 1

Tokamaks ballooning mode
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Reduced MHD Equation II'

The 1st order momentum equations are as follows:

o,

ot =-0p, +],; xBy+j,xB, +], xB,

Po

0 0
%JfD[QPoVﬁPlVl):O’ %+vlﬂﬂpo +v, [Mp, =0,

aalil:DX(V1><BO+V1><B1—/7D><B1), 0B, =0.

0 2 — _ ( 2 )_
poaDDU_ By MU (‘ﬂho"'w) ¢xKr Mp,,
0 B, =0y xg.
%-l-vl[[l(po"'pl):o’ ! w ¢'
aa—‘f =B, MU +/70,7.

0’ _ oY oY\ oy _
poWDDZU =-B, DD(DDZE)—Bl DD(DDZEJ,E =B, 10U +B, U

pogTZZDDZU ~-B/° D]]D(IZIDZU)+ 0, U xDD(D;u)




Mode coupling lll --through Non-linear process--

pogTZZDDZU ~-B,° EI]]D(DDZU )+ 0,U XDD(DDZU)

Po STZZZ X, exdi(md-ng)-iat)~-B,? mm(z(z X expi(mé@-n'g)-i ax)jxmn expli(m@-ng) -i ax)]

mn

Even if B, (equilibrium field) is homogeneous case, mode coupling
happens because perturbed terms are multiplied .
=> X,.exp(i(mB-ng)-iwt) is not independent each other.
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Method of mode structure analyzing |

The 1st order momentum equations are as follows:

%+V1D]:|p0:0’ gE% p,+&, o, =0, 3 _d,OO
ot ot | |[pt&Mp, =0 =R T )
0 .
| p=—E —2, Y v
Here [V, isassumed. dr
_ e dn
pl é:lr dr
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Example of observation of mode structure

#39948

- - <Baa> ——————— E _9_?0/('VTC)
2 :ﬁ y ——TERPSICHORE
e e 0.04 T
T . Radial mode sjructure & =T./(—-VT,)
0.03 | ]
Poloidal and __ I | Modelstructure
troidal mode E go2 "OW.
structure ¥ :
m/n=2/1 001

0 [ v el i |
0O 02 04 06 08 1
P

, , , , , Profile of the radial displacement by
07 072 074 076 078  08ls] ECE measurement and theoretical
prediction (nterchange mode

Evolution of the ECE perturbation

Toroidal Alfven freq. ~5.3x10Hz @2.75T, The prediction of the ideal
2510;’111'3{ I§ﬁ=3’6lt]'a ediction. i . interchange mode is quite
ccoraing to theoretical predicuon, the grow . : .
rate is around 1.6x10+Hz (63u5). consistent with the observation
on the mode structure.

There is d|scr_epa_1ncy between the predlctlon A.lsayama et al; Plasma Phys. Cor‘?t?.zFus. to be
and observation in the growth rate. published (2005).




Method of mode structure analyzing Il --tearing cag--

P
PotP WX 1 Uf\ ground
point

" ﬂ Around
U X point

p,=p,cos(nTeNng) p,=P,cos(nTeng+)

phaéé
K
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Characteristics MHD equil. related to stability in LHD

0)
(%), —— 71 A=6.2, p~(1pA)(1-p°)

BdLa; I/

Magnetic hill exists in the finite
beta gradients region

=>

MHD instabilities (interchange/
pressure driven) would appear
In high beta regime.

ojl
v L

a—— N (7
—~3%

11 Low order
1| rational
surface
m<=3

1 e B B R B
0 0.2 O.4p0.6 0.8 1 104




Characteristics MHD instabllity in LHD

20 . - 30

| /Bt (kAIT)
P -
16 + . 20

24 nr(mn}/_/‘/‘_——‘,

20 | Gaspuff (Hydrogen)

-,

P (kJ/im?) . -
L e - Sem
.- Ry -'_‘._ ', -."'-':":-"'" 0.2
[ e R - SR -
Yol N Ry = T T et vt () 4
I"-_.:'_:--."-"..'-.'-".m--'-. o
3 ;::.‘;-'-..Il—n".l..-mﬁ..f:'-ﬁl:u.w 06

4y e w

Pe (J/im*)

b e ——

1F b

PR -
0 :

m/n = 211

0

20 25 3.0

Time (sec)

Fig. 1. Temporal changes of the averaged beta: plasma current
normalized by toroidal field; electron density; electron
pressure at p = 0.2, 0.4, 0.6, 0.8, and 1.0; and ampli-
tude of m/n = 2/1 mode.
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n, (10" m?)
l""_I_
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T
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ol
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N O=MPNWwWhAWU
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(d) b /B, (%) min = 2I3

0.05 + A '.
0 M & '-.,I" o ) < .I '|I‘='I,_. .;. {5

0.5 1.0 1.5 2.0

Fig. 4.

Time (sec)

Temporal changes of (a) { Buiq) and ne. (b) frequencies
of m/n = 1/1 and 2/3 modes, and amplitudes of (c)
m/n =1/1 and (d) m/n = 2/3 modes in typical high-B
discharge.
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Quaststeady highf3 dischrage

tduration>90%>80 z-E

5 — <B>=4.8 %

r by (h) . ; ; :

3t # No disruptive high beta plasma is

f: maintained during more than 80
0f # Large shafranov shiftA/a, ~ 40%
oal N # Low-n,m MHD activities
" &J\fW%fRJZ R - No observation of core resonant modes.
i - Only resonating mode with peripheral
>3 surf. (m/n = 2/3 and 1/1) appear
‘“T“/‘T‘““"'" “““““ # Global confinement property is almost
T E-1SS95 1 same with ISS95 scaling.

o[ 1Z1 byBo[10] 10\

Ol bl ”j,,,ﬁ " 8BN%££%%§ || No large

1=1.5 | flattening enough

»
o
T

6
" d: to affect a global
dptansaaaaannaananns B f ﬂconfinement
40 l:2 0 L mxu
zz;h‘-l.-u..|...|.|..“a.|m R(m)

0.5 10 13 20 Small flattening and asymmetric structures a#elOG

Time (sec) observed

I~13.3ms



wanamasot | Comparison between peripheral pressure gradient
and the prediction of linear MHD stability analysis

| 0/a,~3% (ldeal)
O oz 07 0% oil 12 (Terpsichore code)
rla [T 1 ' smaam s s s ~5%
» [1p=0.9 (1~1) !
121 o dB,, /dp| Y ] 1.0

0.3x10 7~ gwA ] -
:.5" Mercier _%_ - 3 \ ; FARBD
5 : =

0.0

- &(m/n=1/1)

0.7 0.8 0.9 1.0
P

Radial structure of low-n
Ideal and resitive MHD mode

By O

Observed kinetic beta gradients and

a contour of growth rate of low-n In <B,,> ~4% plasmas, the global
ideal MHD mode MHD mode is predicted unstable, but
No strong reduction of its radial mode width is narrow (~5%
gradients of a,/ growth rate y/),~10?)

# The gradients are averaged foAp=0.1.

even in the mode is expected linearly unstablewhe mode width is narrow, the 107
effect on the confinement is quite small




rotation freq. (kHz)

Example of m/n=1/1 MHD instability
iIn marginally stable discharge

Inducing impurity gas-puffing => S and grad p
changing magnetic config. => di/dr and k,, around the resonant surface

=>

Achievement of marginally unstable discharges with <3>~1% but similar b~ level

of <B>~5%

# 92000, RY 3.75m, 0.9T

1.5 1.87s 6
1.0 - ™\ A £3"‘> (%)‘:':\T\JE 4

(D) [ N Sissn

0.0 £ ..~ INBI = U3,
1.5 2.0 2.5
time ()

'Cohl Jn mag. | flu¢

A u|

g ['1 ii‘!m|

After disappearance of Mag.
fluc., the beta increases

%) £ /B, powej' opes
102F #‘*ﬁ ke LFS 3 T

- aruﬁ“ A JH' Ko
103k “*ﬁ; raty Y % Mn=22

?L%ﬂ l-;-h: { e ﬁ':: r? i 0=

i R '::4 4 s
104kE - - = |

e fn. o :

time (s)

m/n=1/1 mag.fluc. is

dominant in power spec..

Fluc. level ~0.03%

=> Same order with 108/20
<>~5% discharge



Characteristics of m/n=1/1 mode structure

rotation freq. (kHz)

# 92000, RY 3.75m, 0.9T

1.5 I R 185 ........... .
’ < <B> (%) [
1.0 =1\ PR o TN

0.5 | T, (10%m3) —>

7~z
AL =

o
7z

277

——

2.80 317 355 3.93  4.30
R (m)

Sight lines of SX

Radial profile of SXR fluctuation amplitude

Line-

integrated

(%) '\

- O

No phase inversion
(No mag. island structure?)
=> Similar mode structure to linear
theory prediction of res. interchange
MHD insta.
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Degradation Area due to the m/n=1/1 mode

estimated from Te profile
B,=0.9T, b/B,~0.03% 90 AR AR AR ]
1836 ) ol Te | —1.83s
| 1.9s > ok 1 —1.9s
L T ' ' 200 F 5
(0’/0) % """""""""""" 1'0 8560 300 35IO(;2 4OIOO 45‘ 0 5(;00
0'02 E HISHIH " \
" 150425 0.5 o6~ L\ A A
0.01 T o4t Difference \ outlr.r?;f
o 025‘ . fromt=1.9s "y
0.00 | 0.0 IR L A .1d'835
8 ' 20 22 0 B sedltismsi eyt £ 3 INSIAE Max
time (s) , k e .5.'. ......... S

=>

Decrease in Te Is restricted to peripheral region
around resonant rational surface by the m/n=1/1 mod

Impact on core region is quite small.

10/20

=



0.6 1

Estimation of m/n=1/1 mode internal structure, . o2

Ly Max(Igy)

81 /Max(Ly) (%0)

[at]

based on Abel inv. and fitting method = °z 7

® Observation

; fitted; S
: (Iine—integrated)%a
i Ala-15%
oge®?
0 wef N (
34 3.6 3.8
R (m)

Abel inv.

0 08 06,04 02 O

” A r_ A
best fitted

1.0 0.8 0.6p0.4 0.2 0«

E/a, (0)Y
N
4‘;’\‘\
|
9-'I
AR
o |
S

)

10 0.8 O.6p0.4 0.2 0C

Ala,~15%, 4 (O lgy max) ~3%
in line-averaged fluc.

=>

Radial displacement
Ala,~6%, ¢ /a,~4%

FWHM in local fluc. amplitude; less than half in line-averaged fluc. arhip




Estimation of transport based on modeled perturb.

10— 10t1.2

%% j Effect on confinemen® small??
Not clear yet!!

(E ) max ap~<3% 3%
(&) ma/,~6%, Na,~ /
(Er) max ap~10% A/ap~8%

o N NN (@)) (00]
[

S

M ”

1 0.2

: 0.1

10

1-0.1

~< 0.2

4 4.5
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Effect of m/n=1/1 MHD mode on confinement

# 92000, RY 3.75m, 0.9T

L5, 187s 6
L e SO P

= 7 e AN 4

ocn_054(1SS04) ]

in mag. flac ., by l
ﬂ g oy ;Whl,ﬂ "

| .

rotation freq. (kHz)

After disappearance of Mag.
fluc., the beta increases

Confinement performance
normalized by an empirical Tt scaling
(ISS04) in presence and
disappearance

0.03 . 18/s. S —
o) || — R 1.0
0.027

15504
- Higgoslias

0.01

0.00

1.8 2.0 2.2 2.4
time (s)

of the m/n=1/1 mode

~10% degradation of the normalized global conf.
time by a empirical scaling (ISS04) in the presence
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No fatal effect of” global” mode on the helical plasma?

Helcal coil of LHD High aspect configuration (a special
consists of 3 layers. config.) haslow magnetic shear and

By changing the current| high magnetic hill in LHD

ratio in the 3 layers, => | nterchange mode is more unstable
plasma aspect ratio, _

mag.shear and mag. hill Magnetic curvature Rotaional transform

hight are controlled.

l
15 High-aw
A =8.3
. |
3 /v i
6.3

05 [ High-£ (mig.
2sggct) co 1flg.

1 0.6

The magnetic shear of high aspect. conf. is much
smaller than that of midium aspect. conf., apth
both aspect ratio is almost same at the m/n=1/1

rational surface.
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m/n = 1/1 mode In high aspect config. (low shear/highli
#55397, A,=83 collapse

4 ,
| A
3L ¥ p=0.9 (~1.3)
[dB/dp| ?f .
o6 2b | T
;E_ f \@IQ’OOO&QI:_O“O{; I o IO.I84|15| e IO.IQéSI - I
b TR0 D) P o T
\ 70} ; V)
1.5 #55397 5
<|3d|a> ﬂ |
1.0 - \ ]
OO L1 ITI I T | M |<|[3|d|£=\\§;4)P|
0 0.5 1 1.5 2
time (S)
3 S~ _
:gé B.,,/B, non-rotating

A collapse occurs in a high aspect plasma
Before the collapse occurs, stability condition oflgbal MHD mode is

strongly violated. 115



m/n = 1/1 mode In high aspect config. (low shear/highli

#553%7 A8 3 collapse
i |
s ¥ p=0.9 (~1.3)
|dB/dp| ¢ f -

o) b | T
z _ (?;) \@Ipooo@cb/OOooi
] p=0.7¢-1)

4 I
15 #55397
<|3d|a> ﬂ |
1.0 -« \ 1
0.5 W
oob M. [ SPadR 0
0 0.5 1 1.5 2
time (S)
2 .~
E% Brll/BO

AT /|dT /dp|
e e

1.0
0.8f_ #55397(t20.84s)_f
0.6 [°° ]
04F °, oo 0050 _-
0.25_ Ooo .
0.0 - R RS BT B |%
1.0 o
- — |deal :
05F ——s=10 ]

0.0 - E(ASLHY - -nnm

00 02 04 06 08
P

1.0

6/ap>10%

(&(0);finite)
Y/ w,~107

Predicted mode width
before collapse by FAR3D

A collapse occurs in a high aspect plasma
Before the collapse occurs, stability condition oflgbal MHD mode is

strongly violated.

Mode width is much important
for the effect on confinement!
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Characteristics of m/n = 1/1 mode in LHD

Several differences of characteristics of the madi#ifferent configurations.

Experiments “non-rotating” mode “rotating” mode
P (High-A,, and/or large I,) (high-2)
radial location o~ 0.7 (currentless) o0~ 0.9

weak shear , magnetic hill

(Dg>0) magnetic hill (Dr>0)

configuration

Ideal unstable with large Ideal stable, or

Prediction . unstable with narrow
mode width .
mode width
frequency DC ~ several Hz several kHz
spatial location ¢~-120 deg rotating

(near natural error field)

COW-S =>1arge

cianal
L A | T TUAIl

S dependence Low-S => not appears(?!)

fmteraction with

static 1/1 Suppression or growth Reduction of rotation,

suppression

INJICAT T

“Ideal” mode “Resistive” mode

==




